Abstract-The microstructures and optical properties of the ZnO deposits were investigated, which were electroplated with direct-and pulse-currents on an ITO-glass in a zinc-nitrate based electrolyte. The surface morphologies of the electroplated ZnO deposits were examined with field emission scanning electron microscope, and their microstructures were detected with X-ray diffractrometer. Meanwhile the transparencies of ZnO-deposited ITO-glass specimens were evaluated. Experimental results show that the surface morphologies, microstructures, and optical properties of the ZnO deposits depend strongly on the plating bath temperature and current density. An amorphous structure of ZnO deposit was achieved when it was electroplated at a bath temperature of 30•C; while a crystalline ZnO deposit with hexagonal grains was observed at a plating temperature of 60•C. The crystalline ZnO deposits with a preferred orientation of (101) were obtained by using different plating current densities. With the same coating thickness, the ZnO deposits prepared at 30•C revealed higher transparencies than those prepared at 60•C. Moreover, the transparency of ITO glass can be markedly improved at a wavelength higher than 500 nm when it was coated a thin ZnO layer by using pulse-current plating at 30•C.
I. INTRODUCTION
Based on the variety of optoelectronic devices, transparent conductive oxides (TCOs) are being improved to meet the required properties of devices. Zinc oxide, an n-type semiconductor with a direct energy bandgap of 3.4 eV, and its related materials are being applied in optoelectronic devices, such as light emitting devices, solar cell, and chemical sensors, etc. [1] , owing to its particular electrical and optical properties. Until now, the gas phase techniques, such as sputtering, MOCVD, and pulse laser deposition are the main methods to prepare TOCs. However, preparation of ZnO deposit with electroplating method has been much more attracted because of low cost and convenience for mass production.
Electrodepostion for preparing ZnO deposit was developed by Izaki et al. [2] and Lincot [3] . Generally, ZnO deposits were prepared by potentiostatic electrodeposition [4] - [8] . Pulsed current electroplating is widely used in electroplating industry, because it has several advantages compared with both potentiostatic and galvanostatic plating techniques. The application of pulse-current electroplating can easily increase the density of deposited nuclei to obtain a fine-grain deposit. Moreover, the defects in the deposit, such as pinholes, cracks, and voids etc., could be reduced [9] .
Nomura et al. [10] , [11] reported that the preferred orientation of ZnO deposits was changed in an order of (0002), (1011), and (1010) with lengthening the pulse period, (Ton+Toff). In addition, the ZnO deposit with a high transparency above 95% was obtained at a wavelength of 600 nm. Lee et al. [12] reported that the adsorbed hydroxide ion reduced from dissolved oxygen to form ZnO is affected by the cathodic time of pulse-potential electrodeposition. Izaki [8] first proposed the electrodeposition mechanism of ZnO and depicted that the final reaction, dehydration of zinc hydroxide, occurs only when the plating temperature is higher than 60•C. He found that electrocrystallization of ZnO is significantly affected by bath temperatures. Goux et al. [13] pointed out the effect of plating temperature on the Zn-Cl-H2O system by using potential-pH, solubility, and species repartition diagrams. They found that the absence of continuous film was found at a bath temperature below 34•C. Nucleation and film growth of ZnO were observed at a temperature above 34•C and the optimum transparency of ZnO was obtained at plating temperature of 40•C.
In this study, ZnO deposits were prepared with direct-and pulse-current electroplating methods. In pulse-current electroplating, three different Ton and Toff ratios of 1: 1, 2: 1, and 3: 1 were conducted. Two bath temperatures of 30 and 60oC were set for electrodeposition of ZnO. All ZnO deposits were electroplated on ITO-coated glass. After electroplating, the surface morphologies and microstructures of ZnO deposits were characterized with field emission scanning electron microscope (FESEM) and X-ray diffratometer (XRD). Meanwhile, the optical and electrical properties of ZnO deposits on ITO-coated glass were analyzed and discussed.
II. EXPERIMENTAL PROCEDURE
The ITO-coated glass was used as the substrate for ZnO electroplating in this study. Prior to electroplating, as-received ITO-coated glass was ultrasonically cleaned in acetone for 2 min and then in ethanol for 2 min. An electrochemical three-electrode cell was used for electrodeposition of ZnO with direct and pulse currents. An ITO-coated glass and a pure zinc plate (99.98%) parallel to etch other were used as the working and counter electrodes, respectively. An Ag/AgCl electrode in the saturated KCl solution was used as the reference electrode. All electrochemical experiments were performed with potentiostat/galvanostate (EG&G Model 263A). A piece of In each pulse cycle of pulse-current electroplating, cathodic current was applied during pulse on (Ton) and nil current during pulse off (Toff). The cathodic current densities applied during Ton in each cycle at bath temperatures of 30•C and 60•C. After electroplating, the ZnO-deposited samples were ultrasonically cleaned in acetone for 3 min, immersed in ethanol alcohol for 2 min, dried with cold blaster and then prepared for structure and surface morphology study. The microstructures of ZnO-deposited samples prepared with different electroplating parameters were characterized with X-ray diffractrometer (XRD, Philip X'pert) by using thin film mode. Filtered Cu-Kα radiation with an accelerating voltage of 40 kV and current of 30 mA was used for structure diffraction. The spectra were recorded in the 2θ interval between 20• and 80• with a scan rate of 0.05• min-1. Parallel beams are employed for thin film analyses with an incident angel of 0.3•. The surface morphologies of ZnO-deposited samples were observed with field-emission electron microscope (FESEM, Hitachi Model S-4700) integrated with an energy-dispersive x-ray spectrometer (EDS; EDAX company, series No: 8318-46390 ME) for chemical composition analysis.
III. RESULTS AND DISCUSSION

A. Microstructural Study with XRD
The XRD patterns of ZnO-deposited samples electroplated at bath temperatures of 30 and 60•C are shown in Fig. 1 . The results show that only the peaks of ITO film with a preferred orientation of (222) were detected from the ZnO-deposited samples prepared at 30•C. The Zinc hydroxide does not appear in XRD pattern, although it would be developed during electroplating through incorporation of a hydroxide phase in the deposit [14] . It is probably that zinc oxide and zinc hydroxide are amorphous or their quantities are too low to be detected. On the other hand, obvious ZnO-peaks of (100), (002), and (101), which correspond to the würtzite structure of ZnO, were detected from the ZnO-deposited samples prepared at 60•C. They have a preferred orientation of (101). This result is disagreement with the ZnO deposit prepared with rf sputtering, with which the ZnO deposit has a preferred orientation of (002) [15] . Yoshida [15] reported that the (002) plane of ZnO is the closest packed and the most stable plane in contact with the solution. According to our experimental results, the growth orientation of ZnO deposit could be affected by electroplating current density. These results are similar to those reported by Izaki et al. [2] , [16] . They reported that both (002)-and (101)-diffracted peaks could be observed in XRD patterns with whatever the zinc nitrate concentration and electroplating current density. The XRD patterns of the ZnO-deposited samples electroplated with pulsed currents by using different pulse ratios are shown in Fig. 2 . As shown in Fig. 2(a) , no peaks corresponding to crystalline ZnO were observed except the ITO peaks with a preferred orientation of (222) after electroplating at 30•C. This could be resulted from a very thin or even amorphous ZnO which can't provide enough diffracted intensity. On the other hand, crystalline ZnO deposits were achieved after electroplating at 60•C. This can be recognized from their XRD patterns shown Fig. 2(b) in which these ZnO deposits have a hexagonal Würtztite structure with fitting JCPDS files [17] . These three ZnO deposits have a preferred orientation of (101) and its intensity increases with increasing Ton period. Generally, ZnO grains grow with c-axis, i.e., (002) direction, perpendicular to substrate due to (002) plane has the lowest surface energy. Nomura et al. [10] , [11] reported that the orientation of electrodeposited ZnO would be affected by pulse-electroplating parameters. However, this effect was not found in this study. 3 shows the surface morphologies of the ZnO deposits electroplated at 30•C with direct and pulse currents. The well-covered ZnO deposits on ITO-glasses were observed after all plating conditions. As shown in Fig. 4 , a ZnO deposit with wavelike surface was developed after electroplating at 30•C. With increasing the ratios of Ton and Toff higher than 1:1, some crystalline ZnO particles in a size of about 100-200 nm were detected in the ZnO deposit. From the measurement with α-step profilometer, the thickness of ZnO deposit is estimated to be 150 nm. Owing to having wavelike morphology, a relatively high roughness of ZnO deposit can be expected after pulse-current electroplating. As Ton increased, a smooth film with few tiny voids around particles were observed as shown in Fig. 3(b) . Fig. 3(c) shows the surface morphology of ZnO deposits prepared with pulse ratio of 2: 1. This deposit was formed with some particles as a combination of the previous two cases. The crystalline particles shown here are larger than those in Fig. 3(b) . This indicates that a high ratio of Ton and Toff is helpful for the formation of crystalline ZnO particles. The surface morphologies of pulse-current prepared ZnO deposits are similar to those prepared with direct current plating. Surface morphologies of the ZnOs prepared with direct-and pulse-current methods with different pulse ratios at a bath temperature of 60•C are shown in Fig. 4(a)-Fig. 4(d) . From EDS analysis, the chemical composition of the ZnO deposit prepared with direct-or pulse-current is almost identical. One of EDS-spectra is shown in Fig. 4 (e) in which only Zn and O elements were detected. As shown in Fig. 4(a) the ZnO deposits prepared with direct current reveal a homogeneous structure composed of columnar grains without pores and voids, and the thickness is about 1000 nm. For ZnO deposits prepared with pulse current, the surfaces were well-covered by many ZnO grains with hexagonal structure. No pores or tiny voids can be detected from the ZnO surfaces. The ZnO deposit shown in Fig. 4(b) Fig. 4(a)-Fig. 4 (e) the grain size of ZnO deposit prepared with direct current was obviously larger than the others prepared with pulse current. It implies that the ZnO-deposit structure could be affected by using pulsed current electroplating; moreover, its surface roughness can be altered by adjusting the ratio of Ton and Toff. Therefore, we could expect the different optical properties from these ZnO deposits prepared with direct-and pulse-current methods.
B. Surface Morphologies
(e) (f) Fig. 4 . Surface micrographs of ZnO films prepared with (a) Direct current, and pulsed current at 60OC with the Ton : Toff ratios of (b) 1 : 2, (c) 1 : 1, and (d) 2 : 1; (e) Cross-sectional view of (d), and (f) EDS spectrum of the ZnO film shown in (c). Fig. 5 shows the optical transmittance spectra of the ZnO-coated samples prepared at bath temperatures of 30 and 60•C as well as with plating current densities of 0.05 and 1 mAcm-2. The transparency of a ZnO-deposited sample was measured by taking air as background. Comparing with the transparency of the bare ITO glasses, the ZnO-deposited ITO-glass exhibited relatively low transparency at a wavelength ranging from 400 to 550 nm, but the transparencies steadily increased through whole visible wavelength range. That is, relatively high absorption of ZnO-deposited samples was detected in the short wavelength range. The ZnO deposits prepared at 60•C have the obviously lower transparency that those prepared at 30•C. Their appearances visually present milk-white color. The milk-white color indicates that the reflectance is rather strong on surface, because of having relatively high surface roughness. Normally, the transparency of thin films is strongly related to its surface condition. A better transparency of a thin film could be obtained when it has a low surface roughness and, moreover, a defect-free surface.
C. Optical Properties
In this study, the ZnO deposits were prepared at 60•C for a long deposition period which may cause larger crystalline grains and rough surface decreasing their transparency. Optical transmittance spectra of the ZnO-coated ITO films electroplated with pulse-current method are shown in Fig. 6 . In Fig. 6(a) , the ZnO deposits prepared with pulse ratios of 1: 2 and 1: 1 at 30OC exhibit better transparencies than that of the bare ITO film at a wavelength over 500 nm. This effect could be used to compensate the loss of transparency of ITO films at wavelength over 500 nm. The ZnO-deposited ITO-glasses prepared at 60•C have lower transparencies than that of ITO glass through whole visible wavelength range as shown in Fig. 6(b) . This could be possibly attributed to ZnO-grain boundaries developed from this plating condition. It is believed that scattering takes place when light transmits across grain boundaries. Therefore, the more grain boundaries have, and the lower transparency could be. The same results can be seen from Fig. 5 . Transparencies of ZnO-deposited ITO glasses were gradually increased through whole visible wavelength range. The transparency of the ZnO-deposited ITO glasses prepared with pulse ratio of 1: 1 was about 10% higher than those with the other two pulse ratios.
IV. CONCLUSION
The structural and optical properties of ZnO deposits were studied which were electroplated on an ITO-glass at bath temperatures of 30•C and 60•C with direct-and pulse-currents. The ZnO deposits prepared at 30•C have low crystallinity. Electroplating at 60•C, the ZnO deposits revealed a crystalline würtztite structure with a preferred orientation of (101) which is different from rf-spattered ZnO deposits with a preferred orientation of (002).
The wavelike appearances with smooth and partially crystallized granular ZnO particles were found when ZnO deposits were prepared at 30•C. The lowest surface roughness of ZnO deposit was detected by using a pulse ratio of 1:1. The 60•C-prepared ZnO deposits revealed a homogeneous structure composed of hexagonal grains without pores and voids. The pulse-current method effectively altered the grain size and surface roughness of the ZnO deposit prepared at 60•C by adjusting the ratio of Ton and Toff. In terms of optical properties, the 30•C-prepared ZnO deposits revealed higher transparencies than those of the 60•C -prepared ZnO deposits. The pulse-prepared ZnO deposits at 30•C exhibited the superior transparencies to that of the bare ITO film at wavelength over 500 nm. By taking ITO film as background, the 30•C -prepared ZnO deposits exhibited the excellent transparencies over 100% through whole visible wavelength range.
